Understanding the role of unsteady flow phenomenon on the performance of an airfoil requires spatially-and temporally-resolved measurements of fluid dynamic properties at the surface. Such interactions are especially of interest to the gas turbine engine community in regard to the role of unsteady pressure oscillations in fan blade fatigue. A micromachined array of optical pressure sensors has been developed to address this measurement need. Each sensor element in the array consists of a Fabry-Perot etalon fabricated from single-crystal silicon. An applied pressure deflects a membrane, changing the length of the etalon and modulating its reflectivity. Illuminating the sensor array with a near-infrared diode laser and detecting the reflected light intensity with an infrared camera allows remote, simultaneous recording of the reflectance signals from the entire array of passive sensors. A sensor design meeting the requirements of the fan blade application is presented as well as test results demonstrating its performance.
spatially-and temporally-resolved measurements of fluid dynamic properties at the surface. For example, unsteady pressure fluctuations on the surface of a compressor or turbine blade can lead to vibration and eventual failure due to fatigue. Understanding how time-varying loads on the surface couple into the vibrational modes of the blade structure requires timeresolved measurements of the surface pressure distribution.
The Propulsion Instrumentation Working Group (PIWG), which is a consortium of gas turbine engine companies along with NASA and the Air Force, has developed a set of criteria for pressure mapping instrumentation. These requirements seek to address the measurement needs for high-cycle fatigue testing of fan blades. Table 1 lists the sensor requirements established as exit criterion for the year 2001. The focus of this work has been to develop a micromachined optical pressure sensor arrays that meets these criteria. A schematic of the basic sensor design is shown in Figure 1 . It consists of a square American Institute of Aeronautics and Astronautics membrane suspended above an evacuated cavity. For devices fabricated in silicon, this structure is formed using a combination of etching and bonding of siliconon-insulator (SOI) wafers. The polished wafer surfaces corresponding to the underside of the membrane and the bottom of the etched cavity form the reflective surfaces of the Fabry-Perot etalon. The upper surface of the membrane has an anti-reflection coating to reduce the Fresnel losses at this surface and to prevent interferences within the membrane. An applied pressure differential deflects the upper membrane, changing the optical path length of the etalon cavity and modulating its reflectivity. This reflectivity change can be sensed remotely by illuminating the sensor and collecting the reflected beam onto a photodetector. An entire array of sensors can be simultaneously illuminated and imaged using a camera to obtain an instantaneous map of the pressure distribution on a surface.
Micro-fabrication techniques provides very good control over the physical dimensions of the individual sensors, allowing large arrays of small sensors (<1 mm) with uniform response to be produced. Optical imaging has the advantage of being able to read-out the state of a large number of sensors simultaneously and remotely. Using a Fabry-Perot device as a pressure sensor has several advantages: 1) the etalon is a passive sensor and therefore does not require electrical power; 2) a FabryPerot device is sensitive to very small deflections (<1 µm) so that very stiff membranes with correspondingly high resonant frequencies can be employed; 3) since the transduction method is optical, the temperature sensitivity of the sensor system can be minimized; and 4) the Fabry-Perot device is generic sensor that can be adapted to measure other surface properties (e.g., temperature), potentially enabling a common sensor architecture and optical detection system to measure several surface properties simultaneously.
In previous work, the basic sensor concept was presented and the feasibility of imaging arrays of sensors was demonstrated 1, 2 . The results presented here represent a more detailed investigation of the performance of these sensors, including both analytical and experimental portions.
Sensor Design
The theory governing the sensor operation has been developed previously and found to agree well with experimental measurements 1, 2 . Thus, only a brief review will be given below.
Mechanical Response
The deflection of the sensor membrane, ûy, to an applied pressure differential, P, is described by the relationship:
where D is the unsupported length of the membrane, t is the membrane thickness and E is the modulus of elasticity. 4 The deflection is not uniform over the membrane surface, and the above expression indicates the peak deflection at its center.
For applications where sensors are mounted on rotating components, the influence of acceleration loads on the sensor performance is of interest. This expression can also be used to calculate the deflection due to acceleration loading of the membrane by replacing the pressure term with the appropriate expression for the force per unit area. The mass of a square membrane is given by M = !D 2 t where ! is the density. The force due to acceleration is simply F = Ma = !D 2 ta where a is the acceleration. Thus, the force per unit area is given by F/A = F/D 2 = !ta.
The natural frequency of the lowest order vibrational mode of the membrane, f N , is given by where is Poisson's ratio of the membrane material. 5 To avoid phase delays and attenuation, the sensor should be operated at least one decade below its lowest natural frequency.
Optical Response
The reflectivity of a Fabry-Perot etalon, expressed as the fraction of incident light intensity, is given by Predicted Sensor Performance By combining the above expressions, the reflectivity of the Fabry-Perot pressure sensor can be predicted. Figure 2 shows the membrane deflection and corresponding reflectivity change for a sensor with D = 1000 µm, t = 55 µm, l = 4.710 µm. The illumination conditions are = 1.545 µm and = 10 deg. For a silicon micromachined etalon, the surface reflectivity is approximately R = 30%, yielding a finesse of F = 2.5. This value was used in all of the simulations to be presented.
The sensor reflectivity varies in a monotonic fashion for applied pressures between 0 and 6 atm; however, the maximum sensitivity is obtained between 1 and 4 atm. This represents the useful dynamic range of the sensor and corresponds to approximately 50% of its maximum pressure (6 atm). This region of maximum sensitivity can be tailored to a particular range of pressures by changing the laser wavelength, American Institute of Aeronautics and Astronautics which effectively shifts the response curve along the horizontal axis of Figure 2 . The external cavity diode laser being used for initial evaluation has a tuning range of 1.52 to 1.57 µm, which allows the maximum slope position of the reflectivity curve to be shifted approximately ±1 atm. Thus, for the sensor shown in Figure 1 , the complete pressure range (0 to 6 atm) can be covered with good sensitivity. The laser tuning capability also plays a role in the sensor's ability to operate under high acceleration loadings. For example, under the maximum G-loading listed in Table 1 , 62,000 G, the sensor membrane will be deflected 50 nm, resulting in a shift of the sensor's pressure response curve corresponding to 0.77 atm. By tuning the laser wavelength, the sensor response curve could be shifted to counteract the effects of G-loading. Since the effect of G-loading on the sensor response scales linearly with the membrane thickness, its magnitude can be reduced by reducing the sensor size.
For the dimensions listed in Figure 1 , the natural frequency of the membrane is approximately 700 kHz, with a corresponding maximum operating frequency of 70 kHz. Thus, the frequency response of the sensor exceeds the requirement established by PIWG.
The spatial resolution associated with a single sensor is determined by the size of the pressure sensing membrane. The nominal sensor size considered here, D = 1 mm, meets the requirements of the fan blade application. For an array format, the spacing between sensors also needs to be taken into account. While the array density can be increased by reducing the spacing, the membrane bending stresses in a given sensor will begin to affect its neighbors if the separation distance becomes too small. To investigate this effect, finite element simulations were performed of an array of pressure sensors. For simplicity, the simulations were restricted to one spatial dimension. A uniform pressure was applied to a single sensor element, and the deflections of its nearest neighbors were monitored. In this way, the cross-talk for an array of sensors could be estimated. Results of these simulations are shown in Figure 3 , where the deflection of the immediately adjacent sensor is plotted as a function of normalized separation distance, //D. The deflection has been normalized by that of the primary sensor being loaded. The curves show that for sensor sizes of 0.5 mm and 1.0 mm, the cross-talk drops to 1% for spacings greater than 20% of the nominal sensor size. Additionally, the cross-talk is not sensitive to the etalon cavity height.
Based on the finite element simulation results, the maximum spatial resolution that can be achieved with an array of 1 mm sensors is 1.2 mm, which nominally meets the design goal listed in Table 1 . When imaging an array of sensors, the actual resolution achieved also depends on the spatial resolution of the optical detection system. The pixel density of the detector array, the imaging system magnification and the modulation transfer function of the imaging system all play a role in determining the ultimate spatial resolution of the sensor system. While the size of the individual sensors and their spacing can be reduced below 1 mm, the effects of diffraction will become important at some point. Based on measurements of 1 mm sensors on 1.5 mm centers (see below), the effects of diffraction do not significantly affect the sensor's performance in this regime. This is consistent with the results of calculations made in which the sensor array was modeled as a two-dimensional array of square apertures.
The modeling results presented in this section demonstrate the potential for the micromachined optical pressure sensors to meet or exceed all of the design goals presented in Table 1 . In a subsequent section of this paper, a series of tests demonstrating these capabilities are described. American Institute of Aeronautics and Astronautics 
Sensor Fabrication
The sensor fabrication process flow has been described previously 1,2 and will not be presented here. However, several important differences between the sensor configuration tested and the design shown in Figure 1 need to be described. First, the sensor schematic shows the side walls of the etalon cavity as being angled, as is the case when an anisotropic etching method is used. However, for the results presented here, the sensor cavities were formed using deep reactive ion etching (DRIE). This process produces near vertical side walls, increasing the aperture of the sensors and decreasing the number of scattering sites. Thus, DRIE is considered the preferred etching method. Additionally, the cavity height of the prototypes is 55 µm not 5 µm. Although this difference does not affect the pressure response of the sensor, it does have implications regarding the optical response and sensitivity to temperature.
The second modification to the fabrication involves bonding the sensor membrane to the substrate in an inert environment (760 Torr of nitrogen), resulting in a trapped gas volume. The pressure in the cavity needs to be taken into account when evaluating both the pressure response and the temperature sensitivity of the sensor. Ideally, the initial contacting would have been performed in vacuum, but this capability was not available at the time the prototypes were fabricated. The final modification relates to the anti-reflection coating used to reduce the Fresnel losses on the illuminated surface. The schematic in Figure 1 shows the anti-reflection coating applied to the upper surface of the membrane. For the results presented here, the anti-reflection coating was applied to underside of the sensor substrate. This was done to allow greater flexibility in the manner in which these devices are tested. For example, by anti-reflection coating the back surface, these devices can be operated in a back-side readout mode. This will be useful for applying the sensors in a shock tube where the beam steering due to a shock wave could preclude front-side illumination and detection. The front side of the sensor (membrane surface) was roughened with 600 grit sandpaper to produce a diffuse reflector and minimize the amount of back-scattered light.
Sensor Testing Results
The sensor testing process involved three main steps: 1) static cell measurements to determine the minimum resolvable pressure differential and imaging quality, 2) temperature sensitivity tests and 3) time response measurements using a shock tube facility.
Static Cell Measurements
A schematic of the static pressure cell used for testing the prototype pressure sensor arrays is shown in Figure 4 . The cell was equipped with an anti-reflection coated front window and was capable of spanning from 0 to 10 atm. A 10,000 Torr absolute pressure transducer (Baratron, MKS Instruments) was used as the pressure standard. The sensor arrays, which measure 1 cm square and approximately 0.5 mm thick, were mounted inside the pressure cell on a platform. A sensor array was attached to the platform using adhesive applied around its perimeter. An unprotected, front-surface aluminum mirror, which was used for an absolute reflectivity standard as well as for a flat field correction, was mounted adjacent to the sensor array. The entire pressure cell was mounted on a translation stage so that either the sensor array or the aluminum mirror could be positioned in the path of the illumination source. American Institute of Aeronautics and Astronautics The beam from a single-mode, external cavity diode laser (New Focus) operating at approximately 1.55 µm was expanded using a 10:1 telescope arrangement consisting of a -25 mm focal length, planoconcave lens and a 250 mm focal length, plano convex lens. Both lens were AR-coated with a maximum reflectivity of 0.5%. For the results reported here, the laser power was ~1 mW, and the illumination angle was approximately 10 deg. The light reflected from the sensors was imaged onto a 160 x 120, cryogenicallycooled InSb camera array (Cincinnati Electronics) using an AR-coated, 200 mm focal length, bi-convex lens. An AR-coated BK-7 glass substrate was used as a cold filter to block wavelengths above 3 µm. An ARcoated BK-7 substrate was also used for the front window on the camera dewar. Images from the camera were acquired using a PC-based acquisition system. In software, the sensor array images were corrected for camera array and laser illumination non-uniformities by dividing the raw sensor image with a corresponding flat field image acquired using the aluminum mirror.
Measurements of the response of a single sensor were obtained using a focused laser beam and a simple photodetector. The 250 mm focal length, plano-convex lens was used to focus the laser beam onto the sensor element. The imaging camera was used align the laser beam. An InGaAs photodiode (Thorlabs) with a variable iris was used to collect the reflected laser beam. The photodiode was terminated with a 1 k resistor, yielding a maximum bandwidth of 7 MHz. For the laser powers used ( ~1 mW), the Johnson noise and the shot noise is over four decades below the signal strength at a bandwidth of 1 MHz and, therefore, is not significant. Rather, technical noise (or 1/f noise) was the dominant noise source.
For the static pressure cell measurements, the laser was tuned to a reflectivity minimum of the sensor with the cell evacuated. Holding the laser wavelength fixed, the pressure in the cell was varied and the reflected signal monitored. To determine the repeatability of the pressure measurement and, hence, assess the minimum resolvable pressure change, the pressure was cycled repeatedly to collect a large data set. Over 350 individual measurements were obtained over the course of a day. The combined data set is plotted in Figure 5 along with a 5 th order polynomial fit to the data. The sensor response is plotted in terms of the raw photo diode signal. The maximum deviation from the fit is <3 mV across the entire pressure range plotted, corresponding to approximately 1% of the full-scale response.
To determine the minimum resolvable pressure differential, the variance between the data and the fit was divided by the local slope of the fitted curve. This yields the equivalent pressure deviation, which is plotted as a function of pressure in Figure 6 . Since the slope of the response curve decreases at the extremes of the sensor's pressure range, the minimum resolvable pressure differential increases in these areas, especially at the lowest pressures. Excluding measurements below 0.05 atm, the RMS pressure deviation for the American Institute of Aeronautics and Astronautics sensor is approximately ±0.01 atm (±0.15 psi). (This corresponds to a minimum resolvable membrane displacement of ±0.65 nm, as determined from Eq. (1)). For a full-scale pressure of 2.5 atm (36.8 psi), the minimum resolvable pressure differential corresponds to ±0.4% of full scale, meeting the requirements of the fan application (Table 1 ). The high degree of repeatability observed can be attributed to the excellent mechanical properties of single-crystal silicon as well as the stability of the present optical setup. It is believed that the measured variations can be mostly attributed to slight changes in alignment of the system occurring during the course of the experiments as well as hysteresis in the Baratron gage.
Several images of a 4 x 4 array of 1 mm pressure sensors are shown in Figure 7 . The center-to-center spacing of the sensors is 1.5 mm. These images were acquired in the static cell at pressures ranging from vacuum to over 8 atm. The reflectivity of the each sensor increases with pressure except at the highest pressure where the membrane deflection exceeds /4 (390 nm), making the next order fringe visible. This is not a desirable operating mode since the surfaceaveraged reflectivity no longer has a monotonic relationship with pressure. This image was included mainly to show this effect and to demonstrate the level of detail achieved with the current imaging arrangement. Only a small amount of fringing is visible in the images, and this is believed to be due primarily to plane-parallel windows in the camera housing. In the future, wedged windows should be used.
To illustrate in more detail the reflectivity variation over the surface of the sensors, plots of a single column and row of these array images are shown in Figure 8 believed to be related cavity height variations produced by non-uniformities in the thickness in the upper silicon layer of the SOI wafers used. Their appearance was not sensitive to changes in the illumination system (e.g., degree of collimation) and, therefore, are not believed to be related to other optical effects within the etalon cavities. At the higher pressures, these variations are less obvious owing to the fact that the etalon is not very sensitive to cavity height changes as the peak of the reflectivity fringe is approached.
As pressure is applied to the sensor, the membrane deflection is not uniform across its surface. As a result, the etalon cavity height varies with position across the sensor. This is clearly visible in the images shown in Figure 7 . The central region of the sensor experiences the largest deflection and, hence, is first to display an increase in reflectivity as pressure is applied. The membrane edges are fixed so that the reflectivity remains low around the perimeter of the sensor under all conditions. As the pressure increases, the peak reflectivity of the sensor increases. Furthermore, the region of high reflectivity occupies a larger fraction of the sensor surface. As expected, the average reflectivity of the sensor increases more slowly as a function of pressure than does the reflectivity of the central region. The result is that the average reflectivity displays a monotonic variation over a wider pressure range. This is illustrated in Figure 9 which shows the average reflectivity of the entire sensor array as a function of pressure. A 5 th order polynomial fit to the data is also shown to illustrate the similarity between the shape of the array response curve and that of a single sensor. It is not meant to represent a theoretically-based functional dependence. While the single sensor response shown in Figure 5 begins to fall off above pressures of 2.5 atm, the response of the entire array remains relatively constant up to 5 atm. Along with this, however, is a decrease in the reflectivity difference between the conditions of high and low pressure.
While the reflectivity of the central region of the sensor varies from 0 to 70%, being limited by the reflectivity-limited finesse of the bare silicon surfaces, the reflectivity of the array varies over a more limited range (R min 20; R max 40%). The maximum reflectivity change achievable in the array format can be improved by decreasing the spacing between adjacent sensors. Based on the modeling results presented earlier, this spacing can be decreased to 0.2 mm for 1 mm sensors without significant crosstalk occurring. Compared to the configuration studied here, this represents a fill factor increase of approximately 50%. It can be shown that reflectivity difference (R max -R min ) is proportional to the fill factor of the array (sensor area divided by the total area). Thus, for this configuration, maximizing the fill factor will increase the observed reflectivity difference by 50% (R min 10; R max 40%). The regions between the sensors have a non-zero reflectivity primarily because of the index of refraction difference between the buried oxide layer and the surrounding silicon.
Temperature Sensitivity Measurements
The temperature sensitivity of the sensors was measured by mounting the sensor chip on a heated copper block. A high-temperature adhesive (Permabond 922) was used to attach the sensor chip to the block. Two cartridge heaters controlled by an variable transformer were inserted into the block and supplied the necessary thermal energy. A type-K thermocouple mounted immediately adjacent to the sensor chip was used to monitor the block and, hence, chip temperature. The temperature sensitivity of the sensors was characterized by measuring the change in cavity length as a function of temperature with the pressure held fixed (ambient pressure). The range of temperatures explored in the present effort was restricted to 22 C to 150 C. The mechanical properties of single-crystal silicon is relatively constant for American Institute of Aeronautics and Astronautics temperatures up to 250 C; thus, changes in the flexure strength of the silicon membrane as a function of temperatures were not investigated. Other mechanisms leading to a temperature dependent response are: 1) membrane flexure due to expansion of the gas trapped in the etalon cavity; 2) extension of the etalon cavity height due to thermal expansion of the structure; and 3) stresses induced in the sensor structure due to mismatches in the thermal expansion coefficients of the various materials.
The gas trapped in the etalon cavity will expand according to Boyle's law. For a constant volume system, the ratio of the final to initial pressures is equal to the ratio of the corresponding temperatures (P 2 /P 1 = T 2 /T 1 ). By coupling this relationship with the equation governing the membrane deflection as a function of pressure (Eq. (1)), the membrane deflection can be predicted. The membrane deflections for the current application are very small so that the associated volume change of the cavity is negligible. The extension of the cavity length with temperature is given by ûl = l 0 / T (T 2 -T 1 ) where l 0 is the nominal cavity height (55 µm) and / T is the thermal expansion coefficient of silicon (4.2 x 10 -6 C -1 ).
The sensor membrane and surrounding structure is constructed primarily from single-crystal silicon. This method of construction was intentionally chosen to minimize the temperature sensitivity of the sensor. However, several potential sources of thermallyinduced stresses do exist. First, a buried oxide layer is present in the SOI wafer structure, although this layer is quite thin (~0.1 µm) and is bounded by much thicker silicon layers on both sides. Second, the sensors have an anti-reflection coating to minimize the Fresnel losses on the illuminated surface. For the sensors considered here, this coating was applied to the underside of the sensor substrate, and any stresses induced at this interface are isolated from the sensor membrane by a 0.5 mm thick layer of silicon. The final source of thermally-induced stresses that needs to be considered is that resulting from the attachment of the silicon sensor chip to the heated copper block. To minimize this potential source of stress, a pliable thermal epoxy was used to secure the sensor to the block. Additionally, the epoxy was only applied to a narrow region around the perimeter of the 1 cm square chip. None of these potential sources of temperature sensitivity were modeled explicitly. Rather, their role will be inferred from deviations between the observations and the calculated gas expansion and thermal extension effects.
Measurements of the etalon cavity height were made as a function of temperature for a 1 mm sensor held at ambient pressure (1 atm). The wavelength of the laser was scanned over a reflectance fringe, and the spectral position of the fringe was monitored as the temperature increased. Figure 10 shows the reflectance fringes measured at several temperatures: 22 C, 64 C and 150 C. Also shown are fits to the fringes shapes using Eqs. (3) and (4) . The reflectance measurements have been scaled to match the model predictions since a reflectivity standard was not available in these tests. The cavity length was adjusted until the best fit to the data was achieved. A comparison of the measured and predicted cavity length change as a function of temperature is shown in Figure 11 . The measurements were taken directly from the fits shown in Figure 10 . The error bars represent an estimated cavity length uncertainty of ±7 nm. The predicted cavity length change is based on the sum of the thermally-induced gas expansion and cavity extension mechanisms using the expressions described above. The individual contributions of each is also shown in Figure 11 . Good agreement between the measurements and the model predictions are observed.
The present set of measurements serve to demonstrate the potential of the micromachined optical pressure sensor structure to provide low temperature sensitivity. The two primary mechanisms investigated American Institute of Aeronautics and Astronautics here capture the basic trend of the data, indicating that they dominate the sensor's thermal behavior. Both mechanisms can be effectively eliminated by adopting several changes to the sensor design and fabrication. First, by bonding the sensor cavity in vacuum, as proposed previously, the trapped gas volume would be eliminated. Second, by reducing the height of the etalon cavity, the resulting thermal expansion of the structure would be proportionally reduced. As discussed earlier, a cavity height of 5 µm has been selected for the final sensor design. This would reduce the influence of the thermal extension mechanism by an order of magnitude (cavity extension of 0.02 nm/C). A more thorough series of measurements is needed, however, to completely characterize the temperature sensitivity of the optical pressure sensors. For example, future experiments should include comparing the sensor response as a function of applied pressure for various substrate temperatures. This would allow mechanisms not considered here, such as temperature dependence in the elastic properties, to be investigated. A more sophisticated experimental facility than was available in the present effort would be required to accomplish these measurements.
Time Response
A schematic of the shock tube used to measure the sensor time response is shown in Figure 12 . The driver section consisted of a 1 m long section of 1/2 in. PVC pipe. The driven section was constructed from a 2 m long section of 25 mm square aluminum tubing. The wall thickness was approximately 3 mm. The end of the tube was open to the laboratory so that the initial pressure in the driven section was always 1 atm. A 1/2 in. pipe union was modified to form a diaphragm station connecting the two sections. Diaphragm were formed from 75 µm thick mylar sheet. The diaphragm were scored along two orthogonal axes with a razor blade to produce a repeatable failure mode. Theoretically, pressurizing the driver section with air to 100 psia will produce a shock wave with a strength of 2.4 (P 2 /P 1 ) and a propagation velocity of 240 m/s. The sensor chip was flush mounted onto a circular holder. A hole through the center of the holder provided optical access to the sensor's back side. The laser beam was reflected off of the sensor and collected onto an apertured photodiode, as described above in the context of the static cell measurements. A high-speed pressure transducer (PCB Piezotronics) was used as a measurement standard. Figure 13 compares the micromachined optical pressure sensor's response to that of the PCB transducer. Both signals were recorded on a digital oscilloscope with a sampling rate of 2.5 MHz. A fivepoint smoothing filter has been used to reduce the quantization noise. Based on the calibration of the PCB transducer, the pressure jump across the shock is 11 psi, indicating a post-shock pressure of 26 psia and a shock strength of approximately 1.7. This is lower than the theoretically predicted value mentioned earlier 11 American Institute of Aeronautics and Astronautics (P 2 /P 1 =2.4); however, that calculation assumed no shock propagation losses. Additionally, the exact breaking pressure of the diaphragm was not monitored. The correspondence of features between the two data traces is excellent. The rise time of the micromachined optical pressure sensor is 2.6 µs, as determined from the 5% and 95% points of the sensor response. This yields an effective sensor bandwidth of 67 kHz, which exceeds the requirements of the fan blade application by a factor of ten. Using an estimated shock speed of approximately 200 m/s, the time for the pressure wave to pass over the sensor (1 mm square) is approximately 5 µs. Thus, we believe that the measured rise time is limited by the shock passage time rather than by the sensor response itself. As mentioned previously, theory predicts the natural frequency for the lowest order vibrational mode of the membrane to be ~ 700 kHz. Regardless, the measured sensor performance exceeds the requirements of the application.
Summary and Conclusions
A micromachined array of sensors for making optical measurements of surface pressure has been developed. Prototype sensor arrays, configured to meet the needs of high-cycle fatigue studies, were designed, fabricated and tested. The basic sensor element consisted of a 1 mm square, 55 µm thick pressure sensor membrane constructed from single-crystal silicon. The membrane is suspended above an evacuated cavity, allowing its deflection to be transduced using interferometry. An analytical design effort demonstrated that the requirements of fan blade application are within the capabilities of this configuration. Limits on constructing large, dense arrays of optical pressure sensors were discussed.
In static cell tests, a minimum resolvable pressure of ±0.15 psi, corresponding to ±0.4% of full scale, was achieved. High-quality images of a 4 x 4 array of sensors were also presented. The area-averaged response of an array of sensors was contrasted to that of a single sensor. The bandwidth of the sensor was determined to be in excess of 67 kHz. An initial characterization was made of the temperature sensitivity of the pressure sensors. Although more extensive testing is needed, the results were in good agreement with model predictions and indicated that the optical pressure sensors offer the potential for low temperature sensitivity. The measured sensor performance meets or exceed most of the measurement requirements established by PIWG for pressure mapping on fan blades.
These results demonstrate that micromachined optical pressure sensors are well-suited to studying the unsteady pressure field on gas turbine engine fan blades and have the potential to provide critical information needed to better understand high-cycle fatigue phenomena. Future work should focus on the development of large-area arrays. Also, efforts should be devoted to developing techniques for fabricating optical pressure sensor arrays on flexible substrates, allowing surface curvature to be accommodated.
